Numerous studies have demonstrated that diesel exhaust particles (DEP) potentiate allergic immune responses, however the chemical components associated with this effect, and the underlying mechanisms are not well understood. This study characterized the composition of three chemically distinct DEP samples (N, C, and A-DEP), and compared post-sensitization and post-challenge inflammatory allergic phenotypes in BALB/c mice. Mice were instilled intranasally with saline or 150 mg of N-DEP, A-DEP, or C-DEP with or without 20 mg of ovalbumin (OVA) on days 0 and 13, and were subsequently challenged with 20 mg of OVA on days 23, 26, and 29. Mice were necropsied 18 h postsensitization and 18 and 48 h post-challenge. N-DEP, A-DEP, and C-DEP contained 1.5, 68.6, and 18.9% extractable organic material (EOM) and 47, 431, and 522 mg of polycyclic aromatic hydrocarbons (PAHs), respectively. The post-challenge results showed that DEP given with OVA induced a gradation of adjuvancy as follows: C-DEP % A-DEP > N-DEP. The C-and A-DEP/OVA exposure groups had significant increases in eosinophils, OVA-specific IgG1, and airway hyperresponsiveness. In addition, the C-DEP/OVA exposure increased the T helper 2 (T H 2) chemoattractant chemokine, thymus and activation-regulated chemokine and exhibited the most severe perivascular inflammation in the lung, whereas A-DEP/OVA increased interleukin (IL)-5 and IL-10. In contrast, N-DEP/OVA exposure only increased OVA-specific IgG1 post-challenge. Analysis of early signaling showed that C-DEP induced a greater number of T H 2 cytokines compared with A-DEP and N-DEP. The results suggest that potentiation of allergic immune responses by DEP is associated with PAH content rather than the total amount of EOM.
Epidemiology studies have shown that the incidence of asthma has almost doubled in industrialized countries over the past 20 years (Carvajal-Uruena et al., 2005; Chellini et al., 2005; D'Amato et al., 2000; Galassi et al., 2006; Maziak et al., 2003; Migliore et al., 2005; Sestini et al., 2005) . Increases in ambient particulate matter (PM) have been correlated with a rise in hospitalization associated with respiratory illnesses such as asthma (Brunekreef et al., 1997; Pope, 2000) . Diesel exhaust particles (DEP) are an important component of ambient air PM. Several animal and human studies have shown that DEP can act as an immunological adjuvant to increase the severity of allergic lung disease and asthma (D'Amato, 1999; D'Amato et al., 2002; Diaz-Sanchez et al., 1994; Dong et al., 2005; Fujimaki et al., 1997; Lovik et al., 1997; Rusznak et al., 1994; Steerenberg et al., 2003b) , although the physical and chemical composition of DEP responsible for this effect, and the early cellular signaling events are not well understood.
DEP refer to aerosols produced within the engine or formed by gas to particle transformation postcombustion. These particles include contributions from incompletely oxidized fuel and lubrication oil components. DEP produce a trimodal particle size distribution including nuclei, accumulation, and coarse modes (Kittleson, 1998) . On an emitted mass basis, the majority of DEP contribute to an accumulation mode aerosol with aerodynamic diameters between 0.1 and 0.3 lm. These particles are typically comprised of chain agglomerates of primary particles containing an elemental carbon (EC) core that provide available surfaces for absorptive and adsorptive condensation of a multitude of incompletely oxidized organic carbon (OC) species. On an emitted number basis, however, most of the DEP (> 90%) contribute to a nuclei mode with diameters between 5 and 50 nm and are believed to be formed via homogeneous nucleation of OC components and condensation of OC on inorganic nuclei such as sulfates. It should be noted that as particles undergo atmospheric aging they tend to grow in size into an accumulation mode, and once collected either as a powder or on a filter, clump to form larger agglomerates which often do not readily disperse.
The chain agglomerates consist of a number of spherical primary carbon particles containing trace amounts of inorganic metals (i.e., iron, copper, chromium, and nickel), sulfur, and numerous organic constituents including various absorbed hydrocarbons such as aldehydes, benzene, nitrosamines, quinones, polycyclic aromatic hydrocarbons (PAHs; including phenanthrene, fluorenes, naphthalenes, pyrenes, fluoranthrenes), and nitro-PAHs. The vapor and gaseous phase includes olefins (1,3-butadiene), aromatics (benzene, ethylbenzene, toluene, and xylenes), alkanes, and aldehydes (formaldehyde and acetaldehyde) as well as oxides of nitrogen, carbon, and sulfur. This complex mix of organic and inorganic compounds varies depending on factors such as engine design, condition, fuel and load characteristics, and method of collection. Two well studied DEP samples; one from an automobile generated by a laboratory in Japan (A-DEP) and the National Institute of Standards and Technology Standard Reference Material 2975 DEP (N-DEP) generated from a forklift, have been extensively studied for their adjuvant effects (Kobayashi and Ito, 1995) and mutagenicity (Hughes et al., 1997) , respectively. When compared, these particles were found to have contrasting physical and chemical properties and distinct mutagenic and pulmonary toxicity profiles Singh et al., 2004) .
Animal studies have shown that DEP enhance allergic immune responses to antigen (Dong et al., 2005; Fujimaki et al., 1997; Nilsen et al., 1997; Singh et al., 2005; Suzuki et al., 1996) resulting in increased T helper 2 (T H 2) cytokines, eosinophils, and airway hyperresponsiveness (AHR) after antigen challenge. Studies have attributed this adjuvant effect to different components of the particles by examining DEP rich in organics, organic material extracted from DEP (Diaz-Sanchez, 1997; Hao et al., 2003) , carbon black, synthetic model particles (Al-Humadi et al., 2002; Granum et al., 2001a, b) , or DEP stripped of organics (washed DEP) (Yanagisawa et al., 2006) . Comparisons among the different reports are complicated however, by the variability in particle generation and collection, and differences in experimental models of allergic disease.
We recently demonstrated that short term inhalation exposure to moderate concentrations of diesel exhaust generated from a stationary diesel engine used to power an air compressor (C-DE), can promote the development of allergic lung in mice (Stevens et al., 2008) . The present study was conducted to evaluate the adjuvant activity of the two most commonly cited DEP samples (N-and A-DEP) and compare their effects to the fresher particles collected from the C-DE exposures (C-DEP) which had already shown effects following inhalation. In order to provide comparison with other reports we selected the adjuvancy paradigm reported by Steerenberg et al. (2003a, b) . In addition to measuring effects after antigen challenge, immune and inflammatory responses were assessed post-sensitization to help understand the relationship between the physical and chemical components of DEP and early signaling events during immune priming.
MATERIALS AND METHODS
Animals. Female BALB/c mice (8-10 weeks old) were obtained from Charles River Laboratories (Raleigh, NC) and allowed to acclimate for a minimum of one week prior to dosing. Mice were randomly assigned to treatment groups and housed in an AAALAC-approved animal facility at the U.S. Environmental Protection Agency (U.S. EPA). All animal procedures were reviewed and approved by the U.S. EPA's Institutional Animal Care and Use Committee. Housing environment conditions include a 12-h light/dark cycle at an ambient temperature of 22 ± 1°C and relative humidity of 55 ± 5°C. Mice were provided water and mouse chow ad libitum. Additional mice from each facility were routinely monitored serologically for Sendai, mouse pneumonia, mouse hepatitis, and other murine viruses, as well as mycoplasma.
Particle samples. N-DEP were purchased from the National Institute of Standards and Technology (NIST, Gaithersburg, MD). The reported mean diameter, determined by light scattering, of these collected particles was 11.2 ± 0.1 lm. Reported surface area, determined by nitrogen adsorption, was 91 lm 2 / g. The reported analysis contains 11 certified concentrations and 28 reference concentrations for selected PAHs. The N-DEP was generated by a heavy-duty forklift diesel engine (make and model not specified) and collected by filtration. Flue gas dilution and sample collection temperature is not specified.
Automobile DEP (A-DEP) was generated and collected under conditions previously described (Kobayashi and Ito, 1995; Sagai et al., 1993) . Briefly, the sample was generated by a light duty (2740 cm 3 ), 4-cylinder Isuzu diesel engine. A-DEP was collected at 50°C onto glass-fiber filters and from the steel duct walls in a constant-volume sampling system fitted at the end of a dilution tunnel.
Compressor DEP (C-DEP) was generated in-house at the U.S. EPA laboratories in Research Triangle Park, NC, as described by Cao et al. (2007) using a 30 kW (40 hp, 1220 cm 3 ) 4-cylinder Deutz BF4M1008 diesel engine connected to a 22.3 kW Saylor-Beall air compressor operated to provide a constant~20% load. The generated particles were diluted 3:1 with ambient air and collected in a baghouse (35°C). The baghouse was periodically reversed pulsed with compressed air, and the particles were recovered daily from the hopper and stored refrigerated (4°C) in sealed glass containers. C-DEP was generated over a 2-week period in October and November 2004 as part of an animal inhalation exposure study that included daily quartz filter samples. These exposure studies also included real-time measures of the particle size distribution using a scanning mobility particle sizer (TSI, Inc., model 3080/ 3022a, St Paul, MN) and an aerodynamic particle sizer (TSI, Inc., model 3321).
Particle extraction. The three DEP samples were extracted to determine the percentage of extractable organic matter (EOM) and then sequentially fractionated using four increasingly polar solvents. Bulk samples of 2 g of each DEP were loaded in glass-fiber thimbles and extracted overnight with dichloromethane (DCM) using soxhlet extraction equipment. The extracts were subsequently concentrated under nitrogen, and aliquots were dried on aluminum pans and weighed. Another aliquot of each DCM extract was further concentrated to 150 ll and readjusted to 12 ml with hexane. The hexaneinsoluble fraction of the extract remained and was reported as precipitate (Table 1) . Organics in the supernatant were eluted with a series of solvents of increasing polarity: hexane, 50:50 hexane:DCM, DCM, and methanol in a Power-Prep (Fluid Management Systems, Inc., Waltham, MA) through a neutral silica column (Fluid Management Systems, Inc.), which was precleaned with the same solvents. Each fraction was concentrated, a portion brought to dryness, and the mass determined.
Particle and extract analysis. OC and EC were analyzed using a thermaloptical carbon analyzer with transmittance-based pyrolysis correction (Sunset Laboratory, Inc., Tigard, OR) using Method 5040 found in the National Institute for Occupational Safety and Health (NIOSH) Manual of Analytical Methods (NIOSH, 1994) . For C-DEP, each of the daily quartz filter samples were cut with a 1.5-cm 2 punch and analyzed. For A-and N-DEP, which were obtained as bulk particle samples, small amounts of the DEP were smudged on a 1.5-cm 2 quartz filter punch for analysis. For detailed organic analysis, each DEP sample was weighed to 3.4 mg and placed in a clean, glass vial, and mixed with 25 ml (for C-DEP) or 3 ml (for Aand N-DEP) of solvent mix (40% benzene, 40% hexane, and 20% isopropyl alcohol). The contents were spiked with internal standard solution (100 ll of DIESEL-ENHANCED PULMONARY ALLERGY 523 a IS#4 20-fold stock dilution) and then sonicated for 30 min to extract organics from particles. The contents were either filtered using a precleaned glass wool filtration device under vacuum (C-DEP), or settled overnight (A-and N-DEP). The particle-free extract was then concentrated to between 250 and 300 ll with either the TurboVap concentration workstation (C-DEP) or N-Evap evaporator (A-and N-DEP). The concentrated extract was split in half and analyzed for neutral semivolatiles and organic acids by gas chromatography/mass spectrometry (GC/MS) (Agilent 6890 plus, Agilent 5973, Agilent Technologies, Inc., Santa Clara, CA). Organics were full-scan screened, and then single organic compounds were identified and quantified by selected ion monitoring mode.
For inorganic anlaysis, 2 g of the C-DEP sample was mixed with 1 ml of liquid polymer binder (Chemplex industries, Inc., Palm City, FL), and pressed into a pellet using a pellet press (3630 X-Press, SPEX SamplePrep, LLC., Metuchen, NJ). The pellet samples were analyzed for inorganic elemental components using a wavelength dispersive Philips PW2404 X-ray fluorescence (XRF) spectrometer (Panalytical, Natick, MA). The data collected from the spectrometer were stored in SuperQ (Panalytical) and then analyzed using UniQuant (Omega Data Systems, The Netherlands). The large (2 g) samples needed for XRF, precluded analysis of the A-DEP and N-DEP samples.
Finally, lipopolysaccharide levels were measured in all saline, OVA, DEP, and DEP þ OVA solutions by limulus amebocyte assay (BioWhittaker, Inc., Walkersville, MD).
Experimental design. Following the protocol of Steerenberg et al. (2003a) , DEP samples (N-, C-, A-DEP) were suspended at a concentration of 3 mg/ml in saline alone or with 0.4 mg/ml of ovalbumin. Particles were sonicated using a Microson Ultrasonic Cell Disruptor (Misonix) for 10 min. Mice were randomly divided into eight treatment groups, anesthetized with isofluorane, and exposed to 50 ll of saline alone or with 20 lg of OVA, 150 lg of DEP, or a combination of DEP þ OVA by intranasal instillation on days 0 and 13. Mice were either necropsied 18 h later or went on to be challenged with 20 lg of ovalbumin on days 23, 26, and 29, and necropsied 18 or 48 h after the last challenge (Fig. 1) .
Necropsy. Mice were euthanized with sodium pentobarbital and bled by cardiac puncture. The chest wall was opened and the trachea cannulated. The left lung lobe was clamped off and the right lobes lavaged with three 0.6-ml volumes of warmed Hanks balanced salt solution (Invitrogen, Grand Island, NY) and immediately cooled on ice. The left lung lobe was inflated at a constant pressure (20 cm H 2 O) with 10% buffered formalin and used for histopathological analysis.
Bronchoalveolar lavage and characterization. The bronchoalveolar lavage fluid (BALF) was centrifuged (400 g, 15 min, 4°C) and the supernatant was stored at 4°C for biochemical analysis or À80°C for cytokine detection. The pelleted cells were resuspended in 1 ml of RPMI 1640 (Gibco, Carlsbad, Biochemical analysis. BALF supernatant was analyzed using commercially available kits adapted for automated analysis using a Cobas Fara II centrifugal spectrophotometer (Hoffman-La Roche, Branchburg, NJ). All assays were modified for use on the Konelab 30 clinical chemistry analyzer (Espoo, Finland). Microalbumin (MIA) levels were determined using a MALB SPQ kit (INCSTAR, MN) with a standard curve prepared with bovine serum albumin (BSA). N-acetyl-B-D-glucosaminidase (NAG) was measured using a commercially prepared kit containing sodium 3-cresolsulfonphthaleinyl-Nacetyl-B-D-glucosinamide, which can be hydrolyzed by NAG, releasing 3-cresolsulfonphthalein sodium salt (3-cresol purple), and standards from Roche Diagnostics (Mannheim, Germany). BALF supernatants were assayed for total protein using Pierce Coomassie Plus Protein Assay Reagent (Pierce Biotechnology, Inc., Rockford, IL). Concentrations were determined from a standard curve using BSA standards obtained from Sigma Chemical Co. (St Louis, MO). Supernatants were also assayed for lactate dehydrogenase (LDH) activity using a commercially prepared kit and controls from Sigma Chemical Co. Both assays were modified for use on a KONELAB 30 clinical chemistry spectrophotometer analyzer (Thermo Clinical Lab Systems, Espoo, Finland).
Cytokine analysis. Cytokine proteins in cell supernatants were assessed using the Luminex 100 (Luminex Corp., Austin, TX) and LINCOplex kits (Linco Research, Inc., St Charles, MO) for simultaneous detection and measurement of cytokines interleukin (IL)-4, IL-5, IL-6, IL-10, IL-12, IL-13, IL-15, IL-17, tumor necrosis factor (TNF)-a, granulocyte-macrophage colonystimulating factor (GM-CSF), interferon (IFN)-c, and a monocyte chemotactic protein (MCP-1). The limits of detection of the Luminex assays were 0. 3, 0.6, 0.7, 10.3, 3.7, 4.7, 9.3, 1.7, 0.9, 4.6, 0.7, and 6 .3 pg/ml, respectively. Enzymelinked immunosorbent assays (ELISAs) for thymus and activation-regulated chemokine (TARC) were conducted using a commercially available kit (R&D systems, Minneapolis, MN) following manufacturer's protocol. The limit of detection was 15 pg/ml.
Antigen-specific serum IgE and IgG1. Antigen-specific IgE and IgG1 serum immunoglobulin production was measured by sandwich ELISA. Serum was prepared and kept frozen at À80°C until assay. Briefly 96-well flat bottom plates are coated with 100 ll/well of ovalbumin (OVA) (Sigma-Aldrich, St. Louis, MO) at a concentration of 100 lg/ml in PBS and incubated overnight at 4°C. The following day, after a blocking step and washing, 100 ll of each serum sample (IgE-neat and IgG1-diluted 1:10,000) and seven twofold serial dilutions of mouse anti-OVA IgE (beginning at 1000 ng/ml; Serotec, Raleigh, NC) and IgG1 (beginning at 100 ng/ml; Zymed, San Francisco, CA) was added in duplicate wells to the plates. After an overnight incubation at 4°C and washing, the plates were treated successively with 100 ll/well of biotinylated IgE or IgG1 and horseradish peroxidase-streptavidin (diluted 1:1000; Zymed), with washes and incubation for 1 h at room temperature (RT) between each of these steps. Tetramethylbenzidine substrate (DAKO Corp., Carpinteria, CA) was added (20 min, RT), the reaction was stopped using 2M H 2 SO 4 , and absorbance was measured at 450 nm and compared between treatment groups. Optical density was read on a Spectramax 340PC Plate Reader (Molecular Devices Corp., Menlo Park, CA). Softmax Pro version 2.6.1 Software (Molecular Devices Corp.) was used for data collection and conversion from optical density to antibody concentration was calculated with reference to standard curves of the known amounts of each antibody.
Histopathology. The left lung lobe of the lung was inflated, at a constant pressure (20 cm H 2 O), and fixed with 10% buffered formalin, immersed in 10% buffered formalin for 24 h then transferred into 70% ethanol. Samples were sent to Experimental Pathology Laboratories (Research Triangle Park, NC) for processing and histopathological evaluation by a board certified veterinary pathologist. Lung sections were stained with hematoxylin and eosin to determine inflammatory changes. Specifically, lung sections were scored for perivascular and peribronchial inflammation: 0-normal, 1-minimal, 2-mild, 3-moderate, or 4-severe. The total scores for each group (n ¼ 3) were averaged. Statistical analysis of the data was not performed, but the data were assessed for any immediately obvious trends.
Airway hyperresponsiveness. Pulmonary function changes to increasing concentrations of aerosolized methacholine (Mch) in unrestrained mice housed in a 12-chamber whole-body plethysmograph system (Buxco Electronics, Troy, NY) were measured on day 31, 48 h after the intranasal challenge. Pressure signals were analyzed with BioSystem XA software (SFT3812, version 2.0.2.4, Buxco Electronics) to derive whole-body flow parameters that were used to calculate enhanced pause (Penh). Penh was used as an index of airflow obstruction, which has been correlated with changes in airway resistance (Hamelmann et al., 1997) . After measuring baseline parameters for 7 min, an aerosol of saline or Mch in increasing concentrations (6.25, 12.5, and 25 mg/ml) was nebulized through an inlet of the chamber. The recorded Penh values were averaged during the baseline periods and the Mch challenges to obtain mean values for each event and were represented as change from the mean during the baseline period to the mean during each Mch challenge.
Statistical analysis. The data were analyzed using a two-way ANOVA model. The two independent variables were OVA (at levels present and absent) and treatment (at levels A-DEP, C-DEP, N-DEP, and saline). Pair-wise comparisons were performed as subtests of the overall ANOVA, subsequent to a significant main or interactive effect. If the usual ANOVA assumptions were not satisfied, either the data were transformed so as to satisfy the assumptions or, in cases where the assumptions could not be satisfied, a distribution free test was substituted for the ANOVA. The level of significance was set at 0.05. No adjustment was made to the significant level as a result of multiple comparisons. Table 1 presents a summary of the comparative chemistry between the three samples. Sample collection conditions for both the A-and C-DEP were somewhat similar including dilution and cooling to approximately 50°C and 35°C, respectively. Sampling conditions for the N-DEP particles were not specified, but it is suspected that hot exhaust may have been directed undiluted to the exhaust filtering system. This is thought to partially explain the relatively low organic component of the N-DEP compared with the other two samples. Other explanations likely relate to differences in engine design, age, condition, operation, and the fact that one engine (A-DEP) was an on-road mobile source subject to emission regulations, whereas the other two (N-and C-DEP) were not (Kobayashi and Ito, 1995; Sagai et al., 1993; Singh et al., 2004) . The A-DEP was found to contain six times more OC compared with EC, whereas both the C-and N-DEP samples contained more EC than OC. This significant enrichment of organics in the A-DEP was also seen in the large fraction of extracted organic matter (EOM) of 69%. The mass distribution of subfractions of the EOM after sequential fractionation indicated that the large organic component of A-DEP comprised mostly hexane-soluble ''nonpolar'' compounds (57% of EOM) and hexane-insoluble precipitates (32% of EOM). For C-DEP, the total EOM was smaller (19%) but the hexane-soluble fraction was also large (74% of EOM). The methanol-soluble ''polar'' fraction of both the A-and C-DEP was 10% or less of the EOM. The EOM of N-DEP was much smaller (2.7%), and contained similar amounts of hexanesoluble (41% of EOM) and methanol-soluble (30% of EOM) fractions. Table 1 presents GC/MS results which show that the A-DEP sample contained substantial amounts of alkanes (15 and 500 times more than the C-DEP and N-DEP samples, respectively). A large mass ratio of low molecular weight (C 10-24 ) to high molecular weight (C >25 ) alkanes implies that A-DEP may contain relatively larger amounts of uncombusted fuel as a fraction of total DEP mass compared with the other samples. The compositions of diesel fuels vary, but are typically comprised primarily of C 10 to C 19 alkanes. Lubrication oils, in contrast, are typically composed of C 15 to C 50 alkanes with a number of organic and inorganic modifiers added to improve performance (ATSDR, 1999) . A-and C-DEP contained relatively larger amounts of hopanes and steranes, which are present in the heavier (higher boiling point) fractions of crude oil compared with diesel fuel. This may suggest a greater degree of contribution of lubricating oil in those DEPs. Higher organic acid levels in A-DEP may be related to the use of an oxidation catalyst as suggested by Rogge et al. (1993) . Oxidation catalysts are often used on mobile diesel engines to control carbon monoxide and volatile organic emissions. It is unknown, however, if the A-DEP engine was equipped with this equipment. The C-DEP sample also showed a large amount of low molecular weight alkanes, suggesting a contribution from unburned fuel although the molecular weight ratio was not as large as seen for A-DEP. Surprisingly, although organic content (EOM) of the C-DEP was notably smaller than A-DEP, the PAH content of the C-DEP (including 29 PAH species) was higher (522 and 431 lg/g, respectively). Li et al. (2000) , who also reported the chemistry of A-DEP, reported similar amounts of EOM (64% of A-DEP mass) and quantified 34 different PAHs totaling 243 lg/g of A-DEP. For N-DEP, the National Institute of Standards and Technology (NIST) reported EOM was 2.7%. NIST also reports the certified concentration for 11 PAHs (58 lg/g) and reference concentrations of another set of 28 PAHs (35 lg/g ). This compares to 47 lg/g for the 29 PAH species in N-DEP reported in Table 1 . The agreement between studies is reasonable considering the differences in the extraction and analytical methods used and the different subsets of PAH species quantified.
RESULTS

Chemical Characteristics of DEP
XRF results of the C-DEP sample indicated that the noncarbon inorganic elemental constituents totaled 2.2% of the particle mass. XRF is sensitive for elements with atomic mass greater than fluorine. Sulfur, chlorine, calcium, zinc, and iron comprised 0.37, 0.42, 0.19, 0.15, and 0.12% of the C-DEP mass, respectively. Other trace elements each with concentrations less than 0.1% comprised the remaining 0.95%. The other 97.8% of the C-DEP mass was primarily carbon and small amounts of hydrogen, oxygen, and nitrogen. As mentioned above, XRF analysis was not performed on the A-DEP and N-DEP samples. However, based on assumed similarities between the compositions of diesel fuels and lubrication oils, there is little reason to believe that the noncarbon inorganic elemental compositions of the A-and N-DEP samples are significantly different.
Particle size distributions, measured in the exposure chamber in real-time during the C-DEP generation and exposure experiments indicated a well-established accumulation mode aerosol with a geometric volume mean diameter of 200 nm with geometric standard deviation of 1.8. The instrumentation used covered the particle size range from 10 nm to 15 lm. From a number basis, these measurements may be missing significant particles smaller than 10 nm. However, from a volume (or mass) basis, these particles represent an insignificant contribution. These real-time measurements are very different than the particle size distributions that are determined from collected particles that are re-entrained in air or resuspended in a liquid. The NIST certificate for the N-DEP sample indicates a mean volume diameter of 31.6 lm, and Singh et al. (2004) described even larger particle diameters determined optically for A-DEP. Singh et al. (2004) also pointed out that once collected, DEP forms clumps that are very difficult to disperse. Therefore, particle size distributions determined from stocks of DEP samples stored in bulk do not represent the actual particle size distributions of the emitted particles.
Post-challenge Results
BALF cell differential counts. Mice were given 50 ll of saline, OVA, DEP alone (nonsensitized), or DEP with OVA (sensitized) on days 0 and 13, challenged with OVA on days 23, 26, and 29, and necropsied 18 and 48 h later (Fig. 1) . The 526 STEVENS ET AL.
C-DEP þ OVA group at 18 h had a significantly greater number of macrophages than all groups (Table 2 ). At the 48 h time point the total cell numbers in the BALF of all sensitized mice exposed to DEP was increased compared with saline or DEP alone treatments, of which macrophages and eosinophils were the predominant cell type (Table 3) . Eosinophils in all DEP þ OVA treated mice were significantly greater than saline and DEP alone at the 48 h time point, however, A-and C-DEP þ OVA treated mice had a significantly greater amount of eosinophils compared with the OVA control and N-DEP þ OVA groups. OVA control and nonsensitized A-DEP groups exhibited a significant increase in eosinophils at the 48 h time point compared with saline and N-and C-DEP alone. Neutrophil and lymphocyte infiltration was highest in the C-DEP þ OVA treatment for both time points (Tables 2 and 3 ). These data show that after DEP þ OVA sensitization and allergen challenge, (1) mice had increased airway inflammatory cell influx compared with saline, OVA, and DEP alone; (2) the magnitude of inflammatory cell influx was greater at the 48 h time point; (3) although C-and A-DEP þ OVA mice displayed the strongest inflammatory response at 48 h, this response was initially stronger in C-DEP þ OVA; and (4) at the 48 h time point OVA and A-DEP alone also resulted in a significant increase in inflammatory cells.
BALF biochemical analyses. To determine if the increased lung inflammation present in DEP þ OVA exposed mice after allergen exposure was accompanied by changes in alveolar epithelial permeability, BALF total protein and MIA were measured. Protein (Fig. 2) and MIA levels (data not shown) in nonsensitized DEP treated mice were not significantly different from each other or saline control. In sensitized mice, only C-DEP þ OVA displayed an increase in both biomarkers at the early time point. However, by 48 h both protein and MIA levels in A-and C-DEP þ OVA groups were significantly greater than saline, OVA, all nonsensitized DEP, and N-DEP þ OVA exposed groups, suggesting that increased epithelial permeability accompanied the inflammatory process (Fig. 2) .
To explore whether the allergen-induced inflammation in mice was accompanied by increased lysosomal enzyme release, we measured BALF NAG, an established marker of alveolar macrophage activation (Metzger et al., 1988) . A-and C-DEP þ OVA sensitized mice exhibited a significant increase in BALF NAG at the 48 h time point compared with saline, OVA, and DEP alone (data not shown). LDH levels in the BALF were Note. *p < 0.05: significantly greater than saline control. #p < 0.05: significantly greater than OVA control. **p < 0.05: significantly greater than N-DEP. ***p < 0.05: significantly greater than A-DEP. †p < 0.05: significantly greater than C-DEP. ‡p < 0.05: significantly greater than N-DEP/OVA. DIESEL-ENHANCED PULMONARY ALLERGY 527 measured as an index of cellular toxicity. C-DEP þ OVA exposed mice had a significant increase in LDH levels at both points compared with saline, OVA, and nonsensitized N-and A-DEP (Fig. 3) . The A-DEP þ OVA exposure induced a significant increase in LDH compared with saline and nonsensitized N-and C-DEP at the 48 h time point (Fig. 3B) . These results suggest that the increased inflammation in mice was associated with increased alveolar epithelial permeability, release of lysosomal enzymes from activated macrophages, and cellular toxicity.
Serum antibody levels. To evaluate the influence of DEP exposure on sensitization, OVA-specific IgE and IgG1 serum levels were measured 18 and 48 h post-challenge. Saline and nonsensitized DEP exposed mice had undetectable levels of OVA-specific IgE and IgG1. There were no significant changes in IgE levels across all groups (data not shown). OVA-specific IgG1 antibody titers in the serum of all DEP þ OVA sensitized mice were significantly increased compared with saline control for both time points (Fig. 4) . Only N-and C-DEP þ OVA at 18 h and N-DEP þ OVA at 48 h had a significant increase in IgG1 antibodies compared with OVA control.
BALF cytokine analyses. To determine the effects of DEP on T H 2 polarization, local production of T H 1 (IL-12 and IFN-c) and T H 2 cytokines and chemokines 5, 6, 10, 13, 15 , and 17, TNF-a, GM-CSF, MCP-1, TARC) in BALF was quantified 18 h post-challenge. Although an increase was seen in the OVA treatment group, none of the DEP þ OVA exposures enhanced 6, 12, 13, 15, 17 , TNF-a, GM-CSF, IFN-c, or MCP-1 above OVA control concentrations (data not shown). The A-DEP þ OVA treatment resulted in a significant increase in IL-5 and IL-10 compared with saline, OVA, and N-DEP þ OVA (Figs. 5A and 5B). C-DEP þ OVA on the other hand increased levels of IL-10 ( Fig. 5B ) and TARC compared with saline, OVA, and N-and A-DEP þ OVA (Fig. 5C ).
Pulmonary function testing. Airway hyperresponsiveness (AHR) was measured in a whole-body plethysmograph system to detect changes in breathing rates in response to increasing doses of Mch. Forty-eight hours after the last OVA challenge, all mice had similar baseline readings but OVA and all DEP þ OVA exposures resulted in an overall increased Penh for all Mch challenges (Fig. 6 ) compared with saline and DEP alone exposures (nonsensitized animals; data not shown). Intranasal instillation of A-and C-DEP þ OVA and OVA control significantly increased Penh in response to 6 mg/ml of Mch compared with saline controls (Fig. 6) . In addition, A-and C-DEP þ OVA had a significantly greater Penh than saline in response to 12 and 25 mg/ml of Mch.
Histopathology. Histology specimens from all animals were scored for the degree of perivascular and peribronchial inflammation, with a score of 1 indicating mild to a score of 4 indicating severe change. Lung sections from nonsensitized mice given DEP demonstrated minimal to mild perivascular inflammation. In contrast, all DEP þ OVA exposures appeared to mildly potentiate the inflammatory response above that observed with OVA sensitization alone. Specifically C-DEP þ OVA groups had the highest scores for all measurements with perivascular inflammation (3.67) being the highest at 48 h (Table 4) .
Post-sensitization BALF cell counts. To elucidate early cellular mechanisms that lead to the development and intensity of allergic inflammation seen after antigen challenge, cellular profiling of the BALF was investigated. Mice were given either saline or DEP with or without OVA on days 0 and 13 and necropsied 18 h later. As shown in Table 5 , nonsensitized A-DEP exposed mice had a significant increase in the number of macrophages in the BALF (Table 5) . Eosinophils were significantly increased in C-DEP þ OVA exposed mice compared with OVA control, A-DEP, N-DEP, and A-DEP þ OVA. Nonsensitized N-DEP and C-DEP þ OVA mice had a significantly greater number of neutrophils in the BALF. In addition, C-DEP þ OVA exposure induced a significant increase in lymphocytes in the BALF compared with all groups.
BALF biochemical analyses. To determine if the DEP exposure with or without antigen directly induced cellular lung injury and toxicity, the BALF was analyzed for total protein, MIA, NAG, and LDH. MIA levels were unchanged across all groups (data not shown). Only the nonsensitized N-DEP exposure induced a significant increase in NAG compared with saline and OVA control (data not shown). In the context of antigen, significant increases in LDH compared with OVA control were measured in A-and N-DEP þ OVA exposures.
FIG. 4.
Kinetic development of OVA-specific IgG1 serum antibodies in mice exposed to diesel exhaust during allergic sensitization. Mice were intranasally instilled with 20 lg of OVA alone or in combination with 150 lg of N-, A-, or C-DEP on days 0 and 13. Mice were challenged with 20 lg of OVA on days 23, 26, and 29 and necropsied after 18 or 48 h. OVA-specific IgG1 antibody levels were measured in the serum by ELISA. *p < 0.05: significantly greater than saline control. #p < 0.05: significantly greater than OVA control.
FIG. 5. IL-5, IL-10, and TARC production levels in the BALF 18 h after challenge. Mice were intranasally instilled with saline, 20 lg of OVA alone or in combination with 150 lg of N-, A-, or C-DEP on days 0 and 13. Mice were challenged with 20 lg of OVA on days 23, 26, and 29 and necropsied after 18 h. IL-5 (A), IL-10 (B), and TARC (C) levels were measured in the BALF by ELISA. *p < 0.05: significantly greater than saline control. #p < 0.05: significantly greater than OVA control. a p < 0.05: significantly greater than N-DEP þ OVA. b p < 0.05: significantly greater than A-DEP þ OVA. BALF cytokine analysis. To determine the effects of DEP given with antigen on early cell signaling events, T H 2 cytokines 5, 10, 13, 15, and 17) and chemokines (TARC and MCP-1), and proinflammatory cytokines (IL-6 and TNF-a) concentrations in BALF post-sensitization were quantified. All DEP þ OVA exposures increased the production of IL-5 compared with saline and OVA controls, however this increase was only significant in N-and C-DEP þ OVA exposed mice (Fig. 7A) . Instillation of C-DEP þ OVA significantly increased the concentration of the T H 2 cytokine IL-4 above saline and OVA controls (Fig. 7B) . The T H 2 chemoattractant chemokine TARC was significantly increased in all DEP þ OVA exposures (Fig. 7C) . MCP-1 protein levels were only significantly greater in C-DEP þ OVA compared with all groups (Fig. 7D) . The proinflammatory cytokine IL-6 was greatly increased in response to C-DEP þ OVA exposure compared with all treatment groups (data not shown). OVA and C-DEP þ OVA exposure significantly decreased the concentration of the T H 1 cytokine IL-12 (Fig. 8) . In contrast, N-and A-DEP þ OVA exposures increased the production IL-12 compared with OVA, however this increase was not significant.
DISCUSSION
Studies in humans and animals have shown that DEP act as immunological adjuvants to enhance the development of allergic lung disease, and these effects are likely influenced by the chemical composition of the DEP. Despite numerous reports of this phenomenon, the heterogeneous nature of DEP samples complicates identification of common effects versus specific characteristics of any particular material. Previous studies have shown the organic components such as PAHs as well as the particles themselves can induce allergic adjuvancy (Al-Humadi et al., 2002; Diaz-Sanchez, 1997; Granum et al., 2001a, b; Hao et al., 2003) . Here we investigated the relative adjuvant potential of three commonly used DEP samples, (N-DEP, A-DEP, and C-DEP) which differed in the percentage of extractable organic material (EOM) and PAH content (1.5, 68.6, and 18.9% and 47, 431, and 522 lg/g, respectively) . The results showed that on a comparative mass basis, the three samples induced a gradation of effect which was most closely associated with the PAH content and not absolute levels of extractable organics. Furthermore, we identified distinct cytokine profiles induced by the three different diesel samples in association with antigen.
Antigen-specific IgE antibodies have been shown to increase in response to DEP when given with antigen (Fujimaki et al., 1997; Nilsen et al., 1997; Suzuki et al., 1996) . Here, OVAspecific IgE was not altered by any of the DEP exposures although OVA-specific IgG1 serum antibodies were increased. Although it is possible that the IgE antibodies degraded during storage it is also known that antigen-specific IgG1 induces eosinophil degranulation ex vivo in the sera from ragweed pollen sensitive asthmatics (Kaneko et al., 1995) , and is thus an important immunoglobulin in allergic lung disease. In terms of clinical significance, late asthmatic reactions are correlated with high IgG1 but not IgE antibodies (Ito et al., 1986) . Additional indicators of atopy and allergic disease including eosinophilic inflammation and AHR were also present in mice exposed to A-and C-DEP þ OVA suggesting these samples promoted broader aspects of the allergic phenotype than the N-DEP. Recruitment of inflammatory cells was accompanied by increases in alveolar epithelial permeability, macrophage activity, and general cellular toxicity as measured by protein and MIA, NAG, and LDH levels, respectively. Both human and rodent studies have shown that DEPenhanced allergic lung disease is associated with recruitment of T H 2 lymphocytes and production of T H 2 cytokines like IL-4, IL-5, IL-10, and IL-13, which perpetuate the inflammatory response. The importance of T H 2 cells in allergic asthma is underlined by a study in which adoptive transfer of these cells into naïve mice led to an allergic asthma phenotype (Huang et al., 2001) . Conversely, removal of these cells prevented development of disease. Although we did not quantify T H 2 lymphocytes in this experiment, there was evidence that they were upregulated in the DEP treated animals. TARC, which selectively induces migration of CCR4-expressing T H 2 cells (Imai et al., 1996; Peh et al., 2001) , is increased in the BALF of patients with allergic asthma (Berin et al., 2001 ) and causes antigen-induced lung eosinophilia, T H 2 cytokine expression and bronchial hyperresponsiveness in mice (Kawasaki et al., 2001) . Here, TARC levels were significantly increased in the BALF of C-DEP þ OVA exposed mice compared with all Note. *p < 0.05: significantly greater than saline control. #p < 0.05: significantly greater than OVA control. **p < 0.05: significantly greater than N-DEP. ***p < 0.05: significantly greater than A-DEP. †p < 0.05: significantly greater than C-DEP. ‡p < 0.05: significantly greater than N-DEP/OVA. §p < 0.05: significantly greater than A-DEP/OVA.
FIG. 7.
T H 2 cytokine and chemokine levels in the BALF 18 h after sensitization. Mice were intranasally instilled with saline, 20 lg of OVA alone or in combination with 150 lg of N-, A-, or C-DEP on days 0 and 13 and necropsied 18 h later. IL-5 (A), IL-4 (B), TARC (C), and MCP-1 (D) levels were measured in the BALF by ELISA. *p < 0.05: significantly greater than saline control. #p < 0.05: significantly greater than OVA control. a p < 0.05: significantly greater than N-DEP þ OVA. b p < 0.05: significantly greater than A-DEP þ OVA.
DIESEL-ENHANCED PULMONARY ALLERGY 531 other groups and this was accompanied by a significant increase in pulmonary lymphocytes and the other phenotypic markers of allergic lung disease. IL-5 is another important T H 2 cytokine involved in the proliferation and activation of eosinophils. We and others have shown that A-DEP alone or with antigen induces the T H 2 cytokine IL-5 in the BALF of mice and humans Singh et al., 2004; Takano et al., 1998) . In agreement with these studies, IL-5 levels in the BALF of mice exposed to A-DEP þ OVA were significantly increased above saline and OVA controls post-challenge. IL-10 is also described as a T H 2 cell factor that inhibits cytokine synthesis by T H 1 cells (Fiorentino et al., 1989 (Fiorentino et al., , 1991 . Although others have found IL-10 downregulates IL-5 production (Schandene et al., 1994; Zuany-Amorim et al., 1995 , IL-10 was increased along with IL-5 in the BALF of mice exposed to A-DEP þ OVA.
While most reports on PM-induced adjuvancy have focused on immune effects post-challenge, it was also of interest to assess early signaling events caused by DEP alone, and in the context of antigen. None of the DEP exposures alone increased biochemical indicators of injury although the A-DEP increased the number of macrophages and N-DEP increased neutrophils in agreement with our previous findings . In contrast, the C-DEP alone had no direct effect on lung injury or cellular infiltration. In the context of antigen sensitization, N-DEP þ OVA increased LDH and NAG levels in BALF along with lymphocytes, MCP-1, and TARC, but resulted in a low level of adjuvancy post-challenge. Exposure to A-DEP with antigen increased LDH and protein levels without any significant cellular influx or cytokine production but caused a robust adjuvant response post-challenge. Finally, C-DEP þ OVA caused a significant increase in NAG, eosinophils, neutrophils, and lymphocytes, as well as IL-4, 5, 6, MCP-1, and TARC post-sensitization, and had the most abundant adjuvant effects post-challenge. Taken together the data suggest that the C-DEP was, on a mass basis, the most potent adjuvant across all time points. Although the A-DEP caused minimal changes post-sensitization, it induced strong postchallenge effects suggesting either that the kinetics might differ between the A-DEP and C-DEP samples, or that the adjuvant effects occurred through different cytokine signaling pathways. For example, the C-DEP sample produced a strong increase in TARC, after challenge whereas only the A-DEP induced IL-5 and IL-10.
There is much evidence that the organic chemical compounds including PAHs, quinones, and nitro-PAHs, absorbed on the surface of DEP play a role in ROS production which in turn causes oxidative stress. If the level of oxidative stress exceeds the cells natural antioxidant defense mechanisms, then inflammatory cytokines and chemokines, which are likely to contribute to the adjuvant effect, are produced. The amount of DCM EOM present in the A-DEP sample was about 3.5 times greater than C-DEP although both samples induced similar degrees of adjuvancy post-challenge. When the samples were analyzed for single compound classes, the alkanes were 15 times greater in the A-DEP sample compared with C-DEP, but the PAH content was similar. Because the aromatic and polar fractions of DEP extract are the most active oxidative stress inducing components (Li et al., 2000 this would suggest that these materials also caused the post-challenge adjuvancy, whereas the nonpolar alkanes which were most abundant in the A-DEP sample contributed little to these effects.
Adjuvancy is thought to occur by a T H 2 polarization of the immune system which is dependent on dendritic cell population and maturation status as well as oxidative stress and ongoing inflammation. The carbon core appears to activate chemokines that can attract dendritic and T H 2 cells to the area. The high PAH content of A-and C-DEP suggest this component is responsible for the strong degree of allergic inflammation post-challenge. The results highlight the capacity of different diesel particles to modulate the induction of an immune response. On an equal mass basis, all three particle samples could enhance allergic sensitization as measured by antigen-specific IgG1 antibodies in the BALF after antigen challenge. The effects, however, were more pronounced with the C-DEP and A-DEP samples, which contained higher levels of organic material and comparable amounts of PAHs. The adjuvant effects can be summarized as follows: C-DEP % A-DEP >> N-DEP. Although the mass of particles used was extremely high, this treatment by itself caused very minimal changes in lung damage and modest to no cellular infiltration. Dose response studies are the next logical step to determine threshold levels for this effect and to validate this approach with inhalation studies. To this end we have recently published adjuvant effects in mice exposed by aerosol to freshly generated C-DEP emissions (Stevens et al., 2008) , and found similar upregulation of immune signaling and oxidative stress pathways to those reported here and elsewhere. Although inhalation is clearly a preferred route of exposure, the purpose of this present study was to illustrate the importance of chemical composition in DEP toxicity testing and expand FIG. 8 . IL-12 production levels in the BALF 18 h after sensitization. Mice were intranasally instilled with saline, 20 lg of OVA alone or in combination with 150 lg of N-, A-, or C-DEP on days 0 and 13 and necropsied 18 h later. IL-12 levels were measured in the BALF by ELISA. *p < 0.05: significantly less than saline control. 532 STEVENS ET AL. knowledge of immune signaling by different types of DEPs in order to improve understanding of the components that can enhance the incidence and severity of allergic lung disease. 
